The simple and reliable determination of D(+)-glucose is one of the subjects of significant research in clinical and food chemistry. Titrimetric and spectrophotometric methods have commonly been used for the determination of D(+)-glucose. 1 More recent studies have been focused on electrochemical sensors with an immobilized enzyme layer. 2 In the presence of oxygen, glucose oxidase specifically catalyzes the aerobic oxidation of D(+)-glucose (β -D-glucopyranose), and hydrogen peroxide is formed stoichiometrically as the by-product. D(+)-Glucose, therefore, can be determined indirectly by measuring the oxygen consumed or the hydrogen peroxide produced. While a D(+)-glucose reference material is essential for these methods, certified material is never available. Since the purity of a D(+)-glucose reagent is conventionally determined by gas chromatography 3 or from loss on drying and other saccharides test by high performance liquid chromatography, 4 it is not traceable to the basic SI units.
Introduction
The simple and reliable determination of D(+)-glucose is one of the subjects of significant research in clinical and food chemistry. Titrimetric and spectrophotometric methods have commonly been used for the determination of D(+)-glucose. 1 More recent studies have been focused on electrochemical sensors with an immobilized enzyme layer. 2 In the presence of oxygen, glucose oxidase specifically catalyzes the aerobic oxidation of D(+)-glucose (β -D-glucopyranose), and hydrogen peroxide is formed stoichiometrically as the by-product. D(+)-Glucose, therefore, can be determined indirectly by measuring the oxygen consumed or the hydrogen peroxide produced. While a D(+)-glucose reference material is essential for these methods, certified material is never available. Since the purity of a D(+)-glucose reagent is conventionally determined by gas chromatography 3 or from loss on drying and other saccharides test by high performance liquid chromatography, 4 it is not traceable to the basic SI units.
Hence, the development of definitive methods and the supply of a primary reference material of D(+)-glucose are required in order to obtain analytical results directly related to the basic SI units. Isotope dilution mass spectrometry and HK-G6PDH technique based on hexokinase glucose-6-phosphate dehydration enzyme reactions are proposed as the definitive and the reference (recommended) methods for the determination of D(+)-glucose in serum, respectively. 5, 6 In addition, a few articles have been published on coulometric titration, which is a definitive method, of D(+)-glucose. [7] [8] [9] Simon et al. employed coulometric iodometry in the measurement of the hydrogen peroxide formed by the enzymatically catalyzed oxidation of D(+)-glucose. 7 The peroxide reacted with iodide ions (Mo(VI) as catalyst) to form iodine, which was absorbed by a known excess of thiosulfate. The unconsumed thiosulfate was then titrated coulometrically with electrogenerated iodine. The method was empirical, required very troublesome operations, calibrations, and a standard solution, and gave neither high precision nor accuracy. Kostromin et al. determined indirectly D(+)-glucose by titrating with coulometrically generated vanadium(III) in glacial acetic acid after its oxidation with an excess of a sulfuric acid solution of dichromate under heating. 8 Markova et al. determined D(+)-glucose by coulometric titration, which consisted of its oxidation with electrogenerated iodine, addition of a known excess of thiosulfate, and backtitration of the unconsumed thiosulfate with electrogenerated iodine. 9 In the last two papers, the analytical results and the details of the methods have not been given. Recently, controlled-potential coulometric determinations of D(+)-glucose using a porous carbon felt electrode 10, 11 and a piece of sampleabsorbing filter paper 12 impregnated with an electrolyte containing glucose oxidase have been achieved. These methods, though rapid, are inapplicable to the accurate determination of D(+)-glucose at the milligram levels.
The aim of the present work is to establish a simple absolute method of D(+)-glucose based on coulometric titration of hydrogen peroxide produced by the enzymatic oxidation and to make D(+)-glucose primary standards.
Experimental

Apparatus
The instrumentation for the coulometric generation of titrant and for end-point location was similar to that described previously. 13, 14 The generating current was evaluated by measuring the ohmic drop across a Type-2792 standard resistor (10 Ω; Yokogawa Electric Works, Tokyo) with a Type-2722 precise DC potentiometer (Yokogawa), with an RSD of less than 0.005%.
Constant currents were supplied from a transistorized DC source (10 -150 mA; Hirama Rika Kenkyusho, Kawasaki). The time interval of the electrolysis was measured on a Model-102 electronic stop watch (Komatsu Sokuki, Tokyo) with a relative error of less than 0.001%. The electrolysis cell comprised a tall lipless beaker (ca. 200 cm 3 ) made of quartz. The generator anode was a platinum foil (ca. 113 cm 2 ) and the cathode was a coiled platinum wire (10 cm × 1 mmφ). The cathode compartment was a polyethylene test tube (12 mm inner diam.) with a perforated bottom plugged with a 4-cm layer of 5% agar-agar gel saturated with potassium chloride. The end point of the titration was detected by a deadstop method with an applied voltage of 150 mV between two platinum wire (1 cm × 0.5 mmφ) indicator electrodes. The electrodes were washed by soaking them in ca. 7 mol dm -3 nitric acid for ca. 10 min before each run in order to keep the electrodes active.
The temperature of the solution was maintained with a Model-CTE42A/CTB12S thermostat (Yamato Scientific, Tokyo).
Chemicals
A glucose stock solution (100 mg cm -3 ) was prepared weekly by dissolving D(+)-glucose for biochemistry (99.5% purity, Sigma Chemical Co.), previously dried at 105˚C for 1 h, in water. Working glucose solutions were prepared one day previous to measurement to ensure the equilibrium of D(+)-glucose by diluting the stock solution to the desired concentration with water.
Glucose oxidase (EC 1.1.3.4, from Aspergillus niger, specific activity 279 U mg -1 solid, Nacalai Tesque, Inc.) was ground with an agate mortar. The weighed enzyme was then dissolved in a 0.3 mol dm -3 acetate buffer solution (pH 5.1). The solution stored in a refrigerator was stable for at least 40 days.
Analytical-grade reagents were used without further purification. Water was distilled from a vitreous silica subboiling still. The composition of the anolyte was 0.6 mol dm -3 in sodium bromide and 0.05 mol dm -3 in sodium tetraborate (pH 8.6). The catholyte was a 1 mol dm -3 potassium chloride solution. Nitrogen was purified by passing through two washing bottles containing a chromium(II) sulfate solution.
Procedure
Approximately 40 cm 3 of a glucose oxidase solution and 1.00 cm 3 of a glucose solution were placed into a 100-cm 3 quartz flask, and D(+)-glucose was aerobically oxidized by glucose oxidase with stirring (ca. 500 rpm) in a thermostat. After the completion of the enzymatic reaction, the sample solution was transferred into the cell containing ca. 100 cm 3 of a pretitrated anolyte via a Teflon-siphon tube using nitrogen pressure. The enzymatically formed hydrogen peroxide was titrated with hypobromite ions anodically generated at a constant current of ca. 10 mA. The indicator current was measured after each charge increment. A part of the titrated solution in the cell was transferred into the previous flask in order to rinse it. After swirling, the contents were transferred back into the cell using nitrogen pressure. Such rinsing process was repeated several times. The end point was then located graphically. Throughout the titration, the cell and the flask were placed in the thermostat and the electrolyte surface was purged with nitrogen.
Results and Discussion
Coulometric titration of hydrogen peroxide
Manganese(III), 15 cerium(IV), 16, 17 iodine, 18, 19 and hypobromite 20 have been used as titrants for the coulometric titration of hydrogen peroxide. Manganese(III) and cerium(IV) have the following disadvantages: the current efficiencies for the generation of the titrants are somewhat less than 100%, and the titration in acid solution affects seriously the aerobic oxidation of D(+)-glucose. Coulometric iodometry of the peroxide as previously described is an indirect procedure and needs a catalyst and a standard thiosulfate solution. In this work, hypobromite ion was adopted as the coulometric titrant, because it is generated electrolytically with 100% current efficiency in a weakly basic solution, which is effective to stop the enzymatic oxidation of D(+)-glucose.
Hydrogen peroxide at the milligram levels was first determined in order to evaluate the accuracy of coulometric titration with electrogenerated hypobromite. The analytical results, with an RSD (n = 5) of 0.043%, were in fairly good agreement with the values obtained by iodometric titration of the formed tri-iodide with thiosulfate, 21 and showed that the present method is applicable to the indirect assay of D(+)-glucose.
Next, hydrogen peroxide solutions containing glucose oxidase were titrated coulometrically. The existence of glucose oxidase caused considerably positive errors in the determination of the peroxide. The increment of the electrolysis time was directly proportional to the amount of glucose oxidase, as shown in Fig.  1 , and the slope of the curve was ca. 1.2 mC U -1 . Therefore, the quantity of electricity corresponding to the amount of added glucose oxidase must be corrected in the determination of D(+)-glucose. In the assay of 30 mg, although the recoveries also increased with increase in the duration of the incubation, the enzymatic oxidation was incomplete at 10-min incubation period. The recoveries leveled off after ca. 30 min and were around 97% at 7000 U. On the other hand, the recoveries in 100 mg assay started to level off after 60 min and were ca. 90% even at 7000 U. The lowering of the amount of the enzyme required longer incubation time. Thus, it was difficult to obtain the 100% recovery in the assay of more than 30 mg of D(+)-glucose, even if both the amount of glucose oxidase and the incubation time were increased. The pH of the solution is a very important factor which affects the enzymatically catalyzed reaction. Figure 5 represents the recovery of D(+)-glucose as a function of the pH. The aerobic oxidation reaction proceeded sufficiently over the pH range of 5 to 6.5. Approximately 5 was selected as the optimum pH for the reaction. The pH of the pretitrated electrolyte solution was ca. 8.4 after the addition of the sample solution.
Optimization of conditions for enzymatic oxidation of D(+)-glucose
The incubation temperature also affected the enzymatic reaction rate. Figure 6 shows the effect of the incubation temperature on the recovery of 10 mg of D(+)-glucose at 10-min incubation period. Satisfactory recoveries were obtained in the temperature range of 20 to 37˚C. Lower temperature gave rise to somewhat incomplete oxidation reaction because of the inactivation of glucose oxidase. The aerobic oxidation of D(+)-glucose was performed here at 25˚C with stirring from the standpoints of ease of operation and excellent reproducibility. Needless to say, the enzymatic reaction step is able to be done at ambient temperature without accurate temperature control.
Coulometric assay of D(+)-glucose
The results of coulometric assays of several D(+)-glucose reagents are summarized in Table 1 . With only one exception, the assay values obtained by the proposed method were somewhat lower than each guaranteed minimum value, 3, 4 with slightly poor precisions. The standardization result of a commercial standard D(+)-glucose solution (nominal value 10.0 mg cm -3 ) was 9.942 mg cm -3 , with an RSD (n = 5) of 0.093%.
The sources of errors in the results seem to be the purities of the samples, the incomplete mutarotation equilibrium and oxidation of D(+)-glucose, peroxide-reducing impurities in the glucose oxidase, and inaccurate end-point location (with an error of ±0.08%). Catalase, which is usually contained as an impurity in glucose oxidase, promotes the decomposition 279 ANALYTICAL SCIENCES FEBRUARY 2001, VOL. 17 reaction of hydrogen peroxide. However, even when a commercially available catalase-free glucose oxidase of different manufacturer's preparation (from Penicillium amagasakiense, Nagase Biochemicals, Ltd.) was used, the assay results remained unchanged. Thus the proposed method is effective for the absolute assay of D(+)-glucose. We are currently devising a more sensitive technique for the end-point detection.
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